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Gibberella zeae (anamorph: Fusarium graminearum) causes Fusarium head blight (FHB) in wheat and barley, and is an economically harmful cereal pathogen worldwide (32, 47) . In the Northern Great Plains, FHB resulted in $1.65 billion in losses from 1998 to 2000 (42) . G. zeae produces several mycotoxins that threaten human and animal health (14, 28) . The fungus has both sexual and asexual stages (8) . The sexual stage produces ascospores, and the asexual stage produces macroconidia. Both airborne ascospores and conidia may play important roles for the disease development in fields (6, 29) .
Understanding the genetic diversity and the population biology of a plant pathogen is essential to predict disease epidemics in agricultural ecosystems and to deploy disease management strategies more effectively (31) . For example, high genetic variation within a small area may indicate that sexual reproduction is occurring frequently in that field. This may allow the pathogen to adapt quickly in various environments (8, 36) . Gene flow can predict the ability to spread genes and genotypes throughout a geographic area (52) . If gene flow between populations is limited, then disease management strategies, such as regional resistance gene deployment, crop rotation, and fungicide applications targeting local populations are more likely to be successful (30) .
Thus, when screening and developing resistant cultivars, plant pathologists and plant breeders need to consider the local genotypes or pathotypes as well as the possibility of new genotypes that could migrate into an area.
Molecular markers, such as random amplified polymorphic DNA (15, 35, 59) , restriction fragment length polymorphism (20, 21) , amplified fragment length polymorphism (2, 50, 62) , intersimple sequence repeat (38) , and sequence related amplified polymorphism (18) , have been used to investigate the diversity in G. zeae populations from wheat-growing regions of the world. Recently, the variable number tandem repeat (VNTR) markers have been developed and used for genetic studies of G. zeae (55) . VNTR marker analysis is a sensitive, rapid, and cost-effective method to measure genetic variability of organisms (27) . The genetic structure of G. zeae populations analyzed so far has been mainly from wheat. G. zeae has been reported to cause disease in noncereal crops such as dry bean (7) , potato (3), soybean (9) , and sugar beet (23) . G. zeae populations collected from potato and sugar beet were found to infect wheat and produce several mycotoxins (11) . However, the genetic structure of G. zeae populations from potato and sugar beet has not been fully investigated.
Three hard red spring wheat (HRSW) cultivars (e.g., Alsen, Steele-ND, and Glenn) that are moderately resistant to FHB, have been developed by North Dakota State University (NDSU). Alsen was developed by incorporating resistance from 'Sumai 3' (19, 33) . The source of FHB resistance in Steele-ND was believed to be derived from Triticum dicoccoides, while Glenn was developed from a cross between the 'Sumai 3' derivative line and Steele-ND (33) . Among them, Alsen was a leading HRSW cultivar in North Dakota and accounted for ≈29 and 23% of the planted acreage during 2004 and 2005, respectively (57). More recently, Glenn became the dominant variety grown on 20.9% of the acres in 2007 (57) . However, little is known about the influence of these moderately resistant cultivars on the diversity of G. zeae.
We hypothesize that substantial genetic exchange has occurred between populations of G. zeae across cereal (barley and wheat) and noncereal (potato and sugar beet) hosts, and across wheat cultivars. The specific objectives of this study were to (i) perform sequence analysis to ensure that all strains studied belong to the same clade of G. zeae; (ii) determine the genetic structure of G. zeae populations from barley, wheat, potato, and sugar beet using VNTR markers; and (iii) assess the influence of FHB resistant and susceptible wheat cultivars on the genetic structure of G. zeae from wheat. Collectively, a study on the genetic structure of G. zeae populations associated with different crop species and wheat cultivars should provide insight into how to best manage FHB in cereals and G. zeae associated with potato and sugar beet in field and in storage.
MATERIALS AND METHODS
Collection and isolation of the fungus. FHB-infected heads of 10 HRSW cultivars ( 2 . The strains of G. zeae from potato were recovered from processing potatoes collected from storage facilities that represent the three major irrigated potato production areas of North Dakota and Minnesota (16) . Each sampling region represents a processing potato factory district and supplies the raw product for one of the three factories. The three districts are Jamestown and Grand Forks, ND, and Park Rapids, MN. Tubers with external Fusarium dry rot visual symptoms were collected randomly from storage bins in each of the three areas (Jamestown, n = 325; Grand Forks, n = 240; Park Rapids, n = 570) and brought to the laboratory for further processing. Each tuber was cut longitudinally, and those with internal symptoms consistent with Fusarium dry rot were tested for the presence of Fusarium. In all, 119 strains of G. zeae were recovered (36 strains from Jamestown, 14 from Grand Forks, and 69 from Park Rapids). Among these strains of G. zeae, a subset of 38 strains (19 strains from Jamestown, 5 from Grand Forks, and 14 from Park Rapids,) was chosen randomly and analyzed in this study.
Sugar beet samples exhibiting symptoms of yellowing, wilting, and vascular discoloration of the tap root were collected from three commercial fields in the sugar beet production areas of west-central Minnesota near the towns of Fossum, Georgetown, and Sabin. From these samples, 11 strains of G. zeae from Fossum, 9 from Georgetown, and 1 from Sabin were analyzed in this study. The four strains of G. zeae previously collected from sugar beet grown near Fisher in western Minnesota were provided by C. Windels, University of Minnesota, Crookston, and an additional two strains of G. zeae from sugar beet collected in western Minnesota were obtained from L. E. Hanson, USDA-ARS, CO.
To isolate the fungus, infected kernels of wheat and barley, and either infected potato tuber or sugar beet tap root tissues were selected. Each diseased kernel, tuber, or taproot was surface sterilized in a 5% sodium hypochlorite solution for 1 to 2 min, rinsed in sterile distilled water and transferred to Komada media (24) . Pure cultures of the fungus were transferred to half-strength potato dextrose agar (PDA) (100 g of potato, 10 g of dextrose, and 10 g of agar per liter of water). To obtain a single spore culture, an approximately 1-cm block from a 3-to 4-day-old PDA culture of each strain was removed, inverted, and then rubbed lightly across the surface of a water agar plate. After observation under a dissecting microscope, a piece of water agar having a single conidium was taken from the agar plate and transferred onto a fresh half-strength PDA, and grown for 4 to 5 days under alternating 12 h light and dark at 22 ± 1°C. Single-spore strains were prepared for all populations analyzed in this study.
Identification of G. zeae strains. Morphological characteristics (41, 53) and G. zeae specific primers (44) were used to identify the fungal strains, as described previously (11) . Briefly, we examined morphological characteristics such as absence of microconidia, shape, size, septa, and curvature of macroconidia, basal and apical cells of macroconidia, profuse aerial mycelium and production of carmine red color under the surface of PDA, and formation of perithecia on carnation leaf agar. In all, 320 strains of G. zeae from wheat (n = 227 strains), barley (n = 28 strains), potato (n = 38 strains), and sugar beet (n = 27 strains) were analyzed in this study. All strains analyzed in this study were deoxynivalenol (DON) producers (10) . A G. zeae reference strain (NRRL 31084) was provided by K. O'Donnell, the U.S. Department of Agriculture (USDA), Agricultural Research Service, National Center for Agricultural Utilization Research, Peoria, IL, and obtained under a permit from the USDA-APHIS. For long-term storage, mycelial plugs were preserved in 30% glycerol and maintained at -80°C. DNA sequencing. DNA sequencing was used to establish that strains sampled belong to clade 7 of G. zeae. A subset of 32 strains of putative G. zeae were randomly selected to represent ≈10% of each population (4 strains from barley, 18 from wheat, 5 from potato, and 5 from sugar beet) and sequenced. Qiagen DNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA) was used to extract genomic DNA from each strain. The portions of phosphate permease (PHO) and translation elongation factor-1α (TEF) genes were amplified by polymerase chain reaction (PCR) primer sets, PHO1 × PHO6 and EF1T × EF2T, respectively (45) . Each PCR reaction (25 µl) consisted of 2.0 µl of 25 mM MgCl 2 , 2.0 µl of 10× PCR buffer, 0.5 µl of 10 mM dNTP mix, 1.5 µl of Taq polymerase (5 units/µl), and 1 µl of each primer (1 µM). Thermal cycling conditions were 40 cycles, 94°C for 30 s, 52°C for 30 s, and 72°C for 1 min. Amplified products were purified using the QIAquick PCR purification kit (Qiagen Inc.), and 2 to 3 µl of purified product was visualized in a 2% (wt/vol) agarose gel (Sigma-Aldrich, Inc., St. Louis, MO). Sequencing was performed at the Molecular Cloning Laboratories (MCLAB) DNA sequencing service (San Francisco, CA) and the High Throughput Genotyping Center (HTGC), North Dakota State University (Fargo, ND). Sequencing of these genes was performed in both sense and antisense directions.
Sequence analysis. The sequence data were edited manually using the Staden Package (54). The raw trace data were processed using the Pregap4 and contigs were edited using the Gap4 program (54) . Both forward and reverse sequences of each strain were aligned in MultAlin (12) to identify the overlap, and a single sequence was prepared for each strain. Sequence identity of the two genes across the 32 representative strains of G. zeae was confirmed by conducting a BLAST search (4) in GenBank (the National Center for Biotechnology Information). To test whether or not our strains can be placed in clade 7 of G. zeae, sequence data of seven reference strains (NRRL28336, NRRL6394, NRRL5883, NRRL28063, NRRL13383, NRRL31084, and NRRL34079) within the F. graminearum clade 7 and other phylogenetically distinct species within the F. graminearum clade, and three species of Fusarium such as F. pseudograminearum, F. culmorum, and F. cerealis were downloaded from previous studies (45, 46) and used as reference sequences. The intergenic spacer between the phosphate permease 1 and 2 genes was trimmed from our sequence data using GenDoc (43) to remove phylogenetic bias. Phylogenetic trees were constructed using phylogenetic analysis using parsimony (PAUP*) version 4.0b10 (56) . Heuristic searches were used for maximum parsimony analyses. Bootstrap analysis was performed with 1,000 pseudoreplicates and 60% consensus levels. DNA sequence data of the 32 representative strains of G. zeae were deposited in GenBank (accession nos. EU589624 to EU589687) and the phylograms were submitted to TreeBase (study accession no. 52077 and matrix accession nos. M3891 and M3892). (45, 46 ) generated using sequences of phosphate permease and phosphate permease 2 genes (PHO1 × PHO6) and translation elongation factor-1α (EF1T × EF2T) genes. A, Phylogram generated using sequence from phosphate permease gene. B, Phylogram generated using sequence from translation elongation factor-1α gene. The strains Fgb7, Fgb9, Fgb20, and Fgb25 were from barley; strains Fgw37, Fgw51, Fgw62, Fgw77, Fgw79, Fgw90, Fgw115, Fgw121, Fgw133, Fgw136, Fgw155, Fgw158, Fgw166, Fgw187, Fgw190, Fgw195, Fgw199, and Fgw228 were from wheat; strains Fgp21, Fgp23, Fgp24, Fgp38, and Fgp39 were from potato; strains Fgs2, Fgs3, Fgs4, Fgs5, and Fgs9 were from sugar beet. All the strains naming with NRRL were downloaded from the National Center VNTR marker analysis. Genomic DNA of each strain was extracted, as described previously (13) . In addition, genomic DNA of the 32 strains of G. zeae (Fig. 1) and reference strain NRRL 31084 of G. zeae also was extracted using the Qiagen DNeasy Plant Mini Kit (Qiagen Inc.). DNA extracted with these two independent methods was used to compare and confirm VNTR marker repeatability and to determine PCR robustness. Each DNA sample was quantified with a fluorometer and adjusted to a final concentration of 10 ng/µl. All VNTR polymorphisms were verified by two independent PCR assays with negative controls (primer and water) and a positive control using reference strain NRRL 31084 of G. zeae. Unless stated otherwise, all PCR regents were purchased from the Promega Corporation (Madison, WI), and primers were synthesized by Integrated DNA Technologies (IDT) Inc. (Coralville, IA) .
The genetic structure of the four populations of G. zeae was analyzed using the 10 VNTR primers (55) . All PCR reactions and conditions were used as described previously (55) PCR reactions were conducted using a PTC-100 Thermal Cycler (MJ Research, Watertown, MA) at standard amplifications of initial denaturation at 95°C for 2 min, followed by 30 cycles at 94°C for 30 s, 58°C for 1 min, and 72°C for 1 min. The final extension temperature was at 72°C for 10 min before cooling to 4°C. DNA fragments were analyzed on 6% urea nondenaturing polyacrylamide gels and run in 0.5× TBE buffer (0.09 M Trisborate and 0.002 M EDTA), as described previously (51) . To visualize VNTR amplicons, 20 µl of 10 mg/ml ethidium bromide was added to the lower reservoirs, and the gel was pre-run at 350 volts for 1 h. After prestaining the gel, 10 µl of amplified PCR product mixed with 3 µl of 2% STR loading dye was loaded in each well. The gel was run at 350 V for 1.5 h, and photographs were taken in a Fluorochem 2200 Image system (Alpha Innotech Corp., San Leandro, CA). Either the 50-or 100-bp DNA ladder (Invitrogen Corporation, Carlsbad, CA) was used to estimate size of the VNTR alleles in this study. In particular, the 50-bp ladder consists of 16 blunt-ended fragments ranging in length from 50 to 800 bp, at 50-bp, while the 100-bp ladder consists of 15 bluntended fragments ranging in length from 100 to 1,500 bp at 100-bp increments (Invitrogen). For each VNTR marker, alleles with the same DNA band size were considered to be the same allele.
Population analysis. The G. zeae strains were classified into a population according to host type, such as barley, wheat, potato, and sugar beet, and into crop class type, such as cereal population from barley and wheat and noncereal population from potato and sugar beet. The wheat population was further partitioned into the 10 subpopulations based on cultivar types (e.g., Alsen, Glenn, Gunner, and Steele-ND). In addition, strains collected from the three moderately resistant FHB wheat cultivars Alsen, Glenn, and Steele-ND, were combined to represent a "resistant subpopulation" and strains collected from the other seven wheat cultivars were combined to represent a "susceptible subpopulation."
Data generated from the 10 VNTR loci were combined to identify a multilocus genotype (G). All analyses were performed from clone-corrected data. Allele frequency was calculated for a single locus, and determined for each allele. Allele frequencies, gene diversity (H) (39,40), Nei's unbiased genetic identity (I), genetic distance (D) (40) , and the overall estimate of population genetic differentiation (Fst) and gene flow (Nm) were calculated in POPGENE version 1.32 (61) . H is a function of the number and frequencies of alleles at each locus and was estimated in the total population (H T ) and within population (H S ) (39, 40) . Genotype diversity (GD) and multilocus linkage disequilibrium (LD) were calculated by Multilocus 1.3 software (1) . GD, the probability that two individual strains taken at random have different genotypes, was calculated by (n/n -1)(1 -∑pi 2 ), where pi is the frequency of the ith genotype and n is the number of individuals sampled (1) . The LD measures the nonrandom association of alleles at different gene loci in a population. The test of significance was determined by using 1,000 randomizations in all populations and subpopulations.
The analysis of molecular variance (AMOVA) and the determination of pair-wise population genetic differentiation (Fst) and gene flow (Nm) were calculated by GENALEX 6 (48) . Fst is the ratio of the variance among populations relative to the total variance. Nm was calculated based on Fst as Nm = 0.5 [(1/Fst) -1]. AMOVA (17) was performed to determine the genetic variation in populations from four hosts and in subpopulations from 10 wheat cultivars. The variance was partitioned into covariance components to estimate genetic variability into three levels. Covariance components used to calculate three Φ fixation indices (Φ PR , Φ RT , and Φ PT ) and their levels of significance (P < 0.05 or 0.01) were determined using 1,000 permutations (17) . Variance was partitioned into variation between cereal and noncereal, variation among populations within cereal or noncereal, and variation of individuals within each population. Variation for subpopulations was partitioned into variation between a resistant and susceptible subpopulation, variation among cultivar subpopulations within resistant or susceptible subpopulation, and variation of individuals within cultivar subpopulations.
RESULTS

Sequence analysis. Sequence data of the PHO (799 characters)
and TEF (625 characters) genes were obtained from 32 representative strains of G. zeae from barley, wheat, potato, and sugar beet. Maximum parsimony analysis revealed that all 32 strains belonged to clade 7 of G. zeae (Fig. 1A and B) . The bootstrap values ranged from 63 to 100% for both PHO and TEF genes.
Genetic structure of G. zeae populations. The 10 VNTR markers generated 41 alleles, and the number of alleles at each locus varied from three to five (data not shown). The allele sizes ranged from 155-to 298-bp. Eight of the ten loci were polymorphic in the barley population, while all loci were polymorphic in the potato, sugar beet, and wheat populations. Gene diversity (H) among four populations of G. zeae ranged from 0.453 (barley) to 0.612 (wheat) ( Table 2 ). Both G and GD (0.984 to 0.998) values were high in all populations (Table 2) . Among the 320 G. zeae strains analyzed, 253 distinct genotypes were identified.
The LD values were very low and varied from 0.003 to 0.041 in all populations (Table 2) . Except for the barley population, all LD values were significant (P < 0.01). The overall estimated D value between cereal and noncereal populations was 0.131. Pair-wise comparisons of D across the four G. zeae populations ranged from 0.046 (potato and sugar beet populations) to 0.179 (wheat and potato populations) ( Table 3 ). The overall estimated Fst and Nm values between cereal and noncereal populations were 0.044 and 10.69, respectively. The potato and sugar beet population pair showed the highest Nm value (Nm = 30.160) while the barley and potato population pairs showed the lowest Nm (4.110) ( Table 3) . AMOVA revealed low (4 to 6%) genetic variation between the cereal population and the noncereal population and among populations within cereal or noncereal. In contrast, high (90%) genetic variation was observed among individuals within populations (Table 4) . AMOVA were statistically significant (P < 0.01).
Genetic structure of G. zeae spring wheat subpopulations. H values for the 10 wheat cultivar subpopulations ranged from 0.420 (Gunner subpopulation) to 0.561 (Glenn subpopulation) (Table 5) . Alsen, Glenn, and Steele-ND subpopulations had relatively higher H values as compared to other subpopulations. A high GD value was observed across 10 wheat cultivar subpopu-lations, ranging from 0.935 (Saturn subpopulation) to 0.985 (Steele-ND subpopulation). Except for the Granite (0.180), Dapps (0.200), and Knudson (0.240) subpopulations (Table 5) , the LD estimates of the other wheat subpopulations were low, yet these values were statistically significant (P < 0.05).
The overall estimate of Nm and D values between the resistant and susceptible subpopulations were 16.072 and 0.087, respectively. Fst was low (0.030), suggesting that the resistant and susceptible subpopulations were similar. AMOVA showed a 1% genetic variation (P < 0.05) between resistant and susceptible subpopulations (Table 6 ). Genetic variation was 17 and 82% (P < 0.01) among subpopulations within the resistant or susceptible group and among individuals within subpopulations, respectively.
DISCUSSION
Our results indicated G. zeae populations from barley, wheat, potato, and sugar beet are genetically quite similar and are placed in clade 7 of G. zeae. In this respect, G. zeae populations from four crops were found to be present in the same clade of G. zeae studied in other regions (45, 62) . Population analysis showed strong evidence for high genetic diversity and gene flow and low genetic differentiation among populations and subpopulations, indicating relatively high genetic exchange among them to maintain a single large population.
We observed high values for H and GD in all G. zeae populations and subpopulations analyzed. In addition, few identical genotypes of G. zeae were sampled from the same wheat subpopulation collected from the same location and year (data not shown). Intriguingly, higher percentages of distinct genotypes were found in potato and sugar beet populations compared with wheat populations. One possible explanation for the highly diverse genotypes found in potato and sugar beet populations could be the effect of sampling. The fungal strains from potato and sugar beet were more likely admixed because they were collected from large potato and sugar beet storage bins.
Our data showed LD estimates were low in all populations and in most subpopulations, although most of them differed significantly from zero. These results suggest that random mating occurred in all four populations and most wheat subpopulations. Our results correspond with previous studies (50, 62) that reported low LD values in G. zeae populations in the United States. In contrast, Gale et al. (20) observed significant LD in subpopulations within single, interbreeding populations of G. zeae in China. In this study, we observed higher LD values in three wheat subpopulations (e.g., Dapps, Granite, and Knudson) compared to other subpopulations. Although possible mechanisms such as genetic drift, population admixture, and sample size might have been responsible for deviation in gametic equilibria (36, 37) , further epidemiological studies are needed to collect relatively a Variance was partitioned into two groups as cereal (barley and wheat) and noncereal (potato and sugar beet) hosts; among populations within cereal and noncereal; and individuals within each four populations sampled from four crops. b ΦRT was calculated as the proportion of the variance among groups, relative to the total variance. ΦPR was calculated as the proportion of variance among populations within groups, relative to the variance among and within populations. ΦPT was calculated as proportion of variance among groups and populations of individuals, relative to the total variance (17). c Probability of obtaining equal or lower Φ value was determined by 1,000 random permutations. Clone-corrected data were used for AMOVA. a Sample size (n). b Number of distinct genotypes (G). c Genotypic diversity (GD) within population was calculated as GD = (n/n -1)(1 -∑pi 2 ), where pi is the frequency of the ith genotype, and n is the number of individuals sampled (1). d Gene diversity (H) (40) within populations was calculated based on the 10 variable number tandem repeat loci from clone-corrected data. e The measure of multilocus linkage disequilibrium (LD) calculated from clone-corrected data (1). f ** Indicates significant at P < 0.01. large numbers of strains in each wheat cultivar over time and space to test the hypothesis that sexual or clonal reproduction occurs among wheat cultivar subpopulations.
In this study, AMOVA revealed higher genetic variation among individuals within populations and wheat subpopulations as compared with genetic variation among populations or subpopulations. Previous studies (15, 18, 20) essentially found similar results for G. zeae populations from wheat and authors concluded that recombination in the field may result in the creation of novel genotypes (8, 36) , and thus, create potential for a rapid breakdown of disease resistance or development of fungicide resistance in the field. Our finding of higher genetic variation within populations indicates the prevalence of sexual reproduction, whereas higher genetic variation between populations indicates the prevalence of asexual reproduction. In the case of the sexual oomycete, Aphanomyces euteiches, which frequently selfs, higher genetic variation was found among populations as compared to within populations (22) .
One of the important findings of this study was the minimal variation in the population structure of G. zeae between the cereal and noncereal populations. The low D and high Nm values between populations from the four hosts were in line with the low genetic differentiation due to high levels of gene flow between G. zeae populations. Our data also indicate that G. zeae populations between potato and sugar beet had lowest D and highest Nm values, showing that the two populations are genetically quite similar to each other. Furthermore, AMOVA also revealed low genetic variation between the cereal and noncereal populations and between populations within cereal or noncereal habitats. We hypothesize that G. zeae propagules from previous crop residues within a field or surrounding fields may play an important role in genetic exchange between cereal and noncereal populations. The high gene flow among subpopulations increases the genetic diversity and decrease genetic differentiation among them, thus, maintaining a large effective population (30 Our results explain the relationship between host plant resistance and epidemiological observations in this biological system. The evidence of low Fst, D, and genetic variation between the resistant and susceptible wheat subpopulations demonstrated that the FHB resistant cultivars have low impact on the population differentiation of G. zeae. The inheritance of resistance to FHB in wheat is quantitative (34) . In general, quantitative resistance is nonspecific and exerts low selection pressure on the pathogen population (58) . The low Fst, D, and genetic variation between the two subpopulations may be due to low selection pressure on G. zeae populations as a result of the quantitative nature of FHB resistance in wheat cultivars. In contrast, Xia et al. (60) observed the strong influence of rice cultivars with known major gene resistance on the lineage exclusion of Magnaporthe grisea. The fungal strains collected from rice cv. Mars having Piz, a major resistance gene for M. grisea, belonged to a distinct lineage.
FHB in cereals had been reported as early as the 1890s (5) while the fungus in potato and sugar beet has only been recently a Variance was partitioned into two groups (resistant and susceptible groups); among cultivar subpopulations within group; and among individuals within 10 cultivar subpopulations. b ΦRT was calculated as the proportion of the variance among groups, relative to the total variance. ΦPR was calculated as the proportion of variance among populations within group, relative to the variance among and within populations. ΦPT was calculated as proportion of variance among groups and populations of individuals, relative to the total variance (17). c Probability of obtaining equal or lower Φ value determined by 1,000 random permutations. Clone-corrected data were used for AMOVA. a Sample size (n). b Number of distinct genotypes (G). c Genotypic diversity (GD) within population was calculated as GD = (n/n -1)(1 -∑pi 2 ), where pi is the frequency of the ith genotype, and n is the number of individuals sampled (1). d Gene diversity (H) (40) within population was calculated based on 10 variable number tandem repeat loci from clone-corrected data. e The measure of multilocus linkage disequilibrium (LD) calculated from clone-corrected data (1). f * and ** indicate significant at P < 0.05 and 0.01, respectively.
reported (3, 23) . The importance of infected potato tubers or infected crop residues as inoculum sources in rotational cropping systems in this pathosystem is unclear. We hypothesize that the existing G. zeae populations from barley and wheat could have been adapted to potato and sugar beet due to the fitness ability of the fungus to survive in crop residues. In addition, cropping patterns such as overlapping growing seasons and rotations between cereal and noncereal crops may act as bridges for the fungus to infect noncereal hosts. Another hypothesis is that changes in cultivation practices of potato and sugar beet can make these crops more vulnerable to the fungus. For example, farm machineries during harvesting may increase bruises in the potato tubers and sugar beet roots, which may be a good infection avenue for G. zeae. In fact, G. zeae is a facultative parasite (26) and therefore, wounding or injury may be necessary to infect these traditional "nonhost" crops. Ecological and epidemiological factors that play important roles in the adaptation and survival of this fungus in the Upper Midwest of the United States need to be examined fully.
This study demonstrated the substantial genetic exchange among populations of G. zeae across cereal and noncereal hosts and across wheat cultivars. G. zeae populations from barley, wheat, potato, and sugar beet are genetically similar and could be part of a larger overall population. Our previous findings revealed that G. zeae populations from potato and sugar beet induced typical FHB symptoms in the susceptible wheat cultivar and produced different mycotoxins in wheat spikes and rice grain culture (10, 11) . Overall, the findings of this study should provide insight into the comparative population biology of G. zeae from cereal and noncereal crops.
